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Abstract

Introduction

Pre vious implantation experiments have investigated the interaction between a series of PEO/ PBT copolymers (Polyactive®) and bone tissue, and shown the
morphol o gy of bone-bonding with several PEO/PBT ratios. However , the underlying mechanism of bonebonding r emains largely unknown . Therefore , an invitro approach was chosen to obtain more information on
the event s occurring at the PEO/PBT copolymer-bone
interface.
Rat marrow cells were cultured on two
PEO/ PBT copolymer proportions: a 60/40 ratio which is
known to bond with bone tissue in -vivo and a 30170 ratio
which , within one year of implantation, does not bond
with bone. Evaluation was performed with light microscopy , scanning , backscatter and transmission electron
microscopy and X-ray microanalysis.
Surface calcification of the 60/40 material was
observed . Undecalcified specimens revealed a continuum between material calcification and biologically elaborated mineralized matrix. An electron-dense region was
frequently observed at the interface of this material. No
signs of calcification were seen within the surface of the
stiffer 30/70 polymer . Mineralized matrix was found in
contact with the surface of the 30/70 but the absence of
a continuity was evident at all resolutions . These results
indicate that reproduction of the in-vivo findings and a
rapid differentiation between different PEO/PBT ratios
can be accomplished in-vitro. The rat marrow system
may therefore represent a controlled tool to achieve a
better understanding of the events occurring at the bonePEO/PBT copolymer interface.

Cell culture assays are widely employed in an attempt to elucidate the mechanisms underlying the formation .of the interface , which develops between biological
mineralized matrices and implant materials, in less complex and more controllable conditions than those encountered in-vivo (Davies , 1990) . Several bone forming
culture systems, utilizing cells derived from different
species , have been described since the pioneering work
of Friedenstein and Owen (Friedenstein, 1976; Owen,
1980) . Calcification in culture was observed in cell
lines established from mouse calvaria (MC3T3 -E1) and
marrow (Casser Bette et al., 1990; Gregoire et al. ,
1990; Takeuchi et al., 1990; Benayahu et al., 1991) .
Bone marrow stromal cells isolated from young adult
rats were also shown to synthesize mineralized matrix
which was both morphologically and biochemically characteristic of bone tissue (Maniatopoulos et al. , 1988) .
Harmand et al. (1986) and Gregoire et al. (1990) have
used cells from human origin to assess the biocompatibility and biological response of biomaterials for orthopaedic applications and their osteogenic capacity , when
derived by aspiration from the iliac crest , was demonstrated in-vitro (Kassem et al., 1991).
Cultured cells are not only able to elaborate a calcified extracellular matrix at the surface of a test substrate, but also to generate a specific biological and interfacial response to various materials (Davies et al.,
1991a). An electron-dense layer was observed at the
periphery of certain calcium phosphates in the presence
of rat calvarial (Sautier et al. , 1991) and bone marrow
cells (de Bruijn et al., 1992a). A similar structure,
composed of calcium, phosphorus and organic substances, was also observed at the interface of specific
polymers: including several PEO/PBT (Polyactive®)
ratios (Radder et al., 1993) and a dextran matrix covalently linked to denatured collagen (Sautier et al., 1992).
Nevertheless, in-vitro findings are of little importance
unless they are representative of in-vivo reactions and
thus a comparison of the interface formed in-vitro with
the distinct zone devoid of collagen at the hydroxyapatite/bone interface, described in previous implantation
studies by Jarcho (1981), Ganeles et al. (1984) and van
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Blitterswijk et al. (1985) is noteworthy. In the latter,
the morphology and composition of an electron-dense interfacial layer was similar to that described in-vitro, although variability in the thickness of this layer was seen ,
which was possibly due to differences in implant location and material preparation or composition. Similar
morphological structures were observed after insertion
of various PEO/PBT copolymers in bone tissue (Bakker
et al., 1990; Okumura et al ., 1992, van Blitterswijk et
al., 1993). These studies established a relation between
calcification of the polymer surface and the occurrence
of bone-bonding, defined as a continuum between material calcification and bone (van Blitterswijk et al.,
1993). This interfacial structure fulfilled the criteria of
the recently accepted definition of bone-bonding, 'the establishment by physicochemical processes of a continuity
between implant and bone matrix' (Williams et al.,
1991). The extent of the follow-up period in-vivo allowed the observation of an electron-dense structure at
the interface of those PEO/PBT proportions that display ed a slower calcification rate (van Blitterswij k et al.,
1993). In contrast, bone-bonding occurred somewhat
faster in-vitro, mainly because of the absence of a wound
healing process and associated inflammatory response.
In the case of commercially pure titanium, the observed
in-vivo interfacial composition (Albrektsson and
Sennerby, 1990; Ericsson et al., 1991) was apparently
different from in-vitro findings (Davies et al., 1990;
Lowenberg et al., 1991). However, these differences
are inevitable due to differences in processing methods
which may influence the interfacial morphology (Davies
et al., 1990) or a result of extrinsic forces which create
relative movement at the bone/implant interface (Davies
et al., 199la).
Our objective was to investigate the interfacial behaviour of PEO/PBT copolymers in a controlled environ ment and specifically, to reproduce, in-vitro, the interface with bone-bonding (60/40) and non-bonding (30170)
PEO/PBT ratios described in our previous in-vivo studies
(van Blitterswijk et al., 1993). We used an in-vitro
system which we have previously described (Davies et
al., 199la, b), and which was based on the bone forming
culture system of Maniatopoulos et al. (1988). Furthermore, this system allows for the inoculation of marrowderived cells onto relatively large planar test substrates ,
whereas in previous in-vitro experiments with Polyactive® in a subperiosteal environment, only small
particles could be investigated (Radder et al., 1993).

Polyactive® dense substrates, 0. 8 mm in thickness, were pressed from granular starting material. The
pressed plates were fabricated into circular samples with
a diameter of 1.5 em and attached to the bottom of 24well plates (Greiner GmbH) with silicone glue (Silastic
Medical adhesive type A, Dow Corning Corporation).
After evaporation of the acetic acid from the glue, the
culture vessels were rinsed in running tap water for 4
hours and subsequently in double distilled water
(DDH 20) for 30 minutes, to remove an excess of glue.
The specimens were then air dried and finally sterilized
by 60 co gamma-irradiation (2.5 MRad).

Cell culture method
A rat marrow culture system was employed
(Maniatopoulos et al., 1988) using 125 gm adult male
Wistar rats. Briefly, the femora were removed and
washed four times with a-Minimal Essential Medium (aMEM, Gibco) containing 1.0 mg/ml penicillin G (Sigma
Chemical Company), 0.5 mg/ml gentamicin (Gibco) and
3.0 1-'g/ml fungizone (Amphotericin B, Sigma Chemical
Company). The epiphyses were removed and the marrow washed out using a-MEM supplemented with 15%
foetal bovine serum (Gibco), 50 1-'g/ml of freshly prepared ascorbic acid (added as a 1% concentration of a 5
mg/ml stock solution in phosphate buffered saline) , 10
mM Na 13-glycerophosphate (added as 1% concentration
of a 1 M stock solution in DDH 20) and antibiotics at
1/lOth of the concentrations above. This medium was
further supplemented with 10- 8 M dexamethasone (Sigma
Chemical Company), prepared from a 10-6 M stock solution. The culture medium was changed every 48 hours.
Rat bone marrow cultures were maintained in a humidified atmosphere of 95% air with 5% C0 2 for 4 weeks.

Light microscopy
Samples for light microscopy (LM) were fixed in
Karnovsky's fixative (2% paraformaldehyde, 2.5% glutaraldehyde; pH 7.2-7.4). They were then washed in
0.14 M sodium cacodylate buffer (pH 7.2-7.4), dehydrated through a graded series of ethanol and embedded
in glycol methacrylate (GMA). After polymerization, 23 I-'m thick sections were cut on a Reichert Jung 2050
microtome . Serial sections were stained with toluidine
blue or according to the von Kossa method.

Scanning electron microscopy (SEM)
All SEM samples were fixed in Karnovsky's fixative (2% paraformaldehyde, 2.5% glutaraldehyde; pH
7.2-7.4), washed in 0.14 M sodium cacodylate buffer
(pH 7.2-7.4). and dehydrated through a series of graded
ethanols. Prior to dehydration, selected samples were
soaked in liquid nitrogen . A fracture line was subsequently introduced perpendicular to the interface. All
samples were critical point dried (CPD) in a CPD-station
(Balzers CPD 030) and sputter coated with a gold layer
in a coating unit (Balzers MED 010). Some specimens
were examined block-face after the embedding procedure
as described for transmission electron microscopy (below) and subsequent polishing with sandpaper and diamond paste. These were carbon coated and examined by

Materials and Methods
Material
In these experiments, Polyactive® (HC Implants
B. V., Lei den, The Netherlands), a segmented polyether
polyester copolymer, was used. The soft component was
polyethylene oxide (PEO) with a molecular weight of
1000 D, and the hard segment was polybutylene terephthalate (PBT). In the current study, a 60/40 and a
30170 PEO/PBT ratio (based on weight percents) were
examined.
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SEM (Phillips S525) using secondary and backscattered
electrons (BSE) modes, and energy-dispersive X-ray
microanalysis (XRMA, Tracor Northern).

Transmission electron microscopy (TEM)
Rat bone marrow cultures were prepared for TEM
after fixation according to the LM/SEM regime. Some
samples were post-fixed overnight in 1% osmium-ferro
(osmium tetra oxide/potassium ferrocyanate 1: 1) in 0.14
M sodium cacodylate buffer, dehydrated, embedded in
Epon and polymerized at 60°C. Other specimens were
decalcified in 10% ethylenediaminetetraacetic acid
(EDTA), incubated in 0.1% ruthenium red (RR) as an
indicator of the presence and location of glycosaminoglycans , and postfixed in 1% osmium-ferro. Ultrathin
sections were examined either unstained, or contrasted
with uranyl acetate and lead citrate, in a Phillips 201
transmission electron microscope.

p

A

Results
Light microscopy (LM)
During the culture period, the samples were examined with reflected light microscopy and a gradual increase in cell number was observed. Nodules appeared
from one week onwards and the progressive increase of
these structures in time was noted. Within the culture
period of 4 weeks, large areas of both PEO/PBT copolymers became covered with tissue.
In the histological sections, no specific difference
in cell morphology or cell density was noted on either of
the two materials. A multilayer of flat, spindle-shaped
cells was visible. No particular changes in material appearance or characteristics were observed in toluidine
blue stained sections (Figure 1A). However, the surface
of the 60/40 substrate indicated a positive staining for
phosphate at the cell side, after application of the von
Kossa method; a dark zone, apparently located within
the material surface, was revealed (Figure 1B). Confirmation of the location of this dark layer was obtained
when such sections were viewed under polarized light
(dependent on their crystallinity, several PEO/PBT ratios are birefringent). In similar sections from the 30/70
cultures, this phenomenon was not found (Figure 1C).
Based on the histological findings, a clear differentiation in terms of biological performance or interfacial interaction could not be established.

Figure 1.

Scanning- and backscatter electron microscopy

A.
A light micrograph of the 60/40
PEO/PBT proportion (P) stained with toluidine blue.
A multilayer covering the pressed plate can be noticed.
B. Similar section as in Figure lA stained with the von
Kossa method. Within the material surface, a positively
stained layer is evident, P = 60/40. C. von Kossa
stained section in polarized light of a 30/70 sample (P).
Positively stained areas are not seen. Bars = 28.5 I-'m
(A, B), 92 J.'m (C).

After four weeks in culture, a multilayer of cells
was visible covering the planar Polyactive® samples.
These cells were flat, extended and displayed a high
number of villi. Between cells, at a more ventral level,
collagen networks. were observed (Figure 2). To obtain
a closer view of the material surface, the more dorsal
layers were removed with compressed air. Globular accretions, directly deposited onto the 60/40 and 30/70
PEO/PBT surface, were observed. These globules were
somewhat granular in morphology and about 1 I-'m in
diameter. XRMA revealed the presence of calcium and

phosphorus in these structures. In some areas, individual globules were seen; however, in most areas, large
numbers of globules appeared to have fused to form a
continuous layer (Figure 3A). Collagen fibres were
observed anchored to this layer (Figure 3B).
In order to investigate the interface between the
PEO/PBT substrates and the mineralized matrix, two
techniques were used. When fracturing perpendicular to
the 60/40 substrate surface, a morphology as demonstrated in Figure 4 (corresponding to the dorsal view of
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Transmission electron microscopy (TEM)

Figure 2. Scanning electron micrograph of cellular
layers covering a 60/40 specimen, a small area is flipped
back, exposing the more ventral deposition. Tight networks (N) of collagen and flat well-spread cells (C) were
observed in these layers. Bar = 7 Jlm.

The morphology of the 60/40 and 30170 interface
was in line with the SEM/BSE-findings. A mineralized
matrix compartment, composed at least partially of randomly oriented needle-shaped crystals, was seen in contact with the calcified outer surface of the 60/40 samples
(Figure 7). The calcification within the material surface
comprised small crystals, 10-20 nm in length. Focally,
an electron-dense structure was observed at the boundary
of these two compartments. The needle-shaped crystals
within the mineralized matrix compartment varied considerably in size; the larger crystals were up to 40 nm in
length and were located close to the membrane of the ad jacent cells. Within the cytoplasm of these cells, secretory vesicles were noted , and indentations of similar size
and morphological appearance were evident in the cell
membrane (Figure 8).
As reported above and corroborated by TEM, no
calcification within the surface of the 30170 samples was
observed. Ultrathin sections partially decalcified due to
the osmium-ferro contrasting procedure. In these specimens , mineralized matrix deposition was observed im mediately adjacent to the 30170 surface (Figure 9). A
continuum at the interfacial level was never revealed. In
comparable sections , decalcified and stained with ruthenium red, more details of the morphology of this mineralized compartment were detected (Figures lOA, B). An
amorphous , possibly afibrillar , zone with a general
thickness of 350-450 nm was observed on top of the substratum. This zone was demarcated at the cell-side by a
100 nm thick electron-dense bilayer, positively stained
for RR.

Figure 3. A. Scanning electron micrograph after removal of the more dorsal layers deposited on a 60/40
sample. Immediately laid down on the substrate surface
was a layer of fused globules (G). Bar = 3.6 Jlm. Individual globules were presumably actively laid down by
cells (C), as shown in inset (arrow, Bar= 714 nm) . B.
Collagen fibres (Cl) were often seen anchored to this
globular layer. Bar = 714 nm.
Figure 4. Scanning electron micrograph obtained after
freeze fracturing through the interface. Collagen networks (N) on top of globular accretions (G) are shown
in contact with the granular outer surface of the 60/40
substrate (P). Bar = 3 Jlm.
Figure 5. Block-face BSE image of the 60/40 (P) interface. The gap (G) in between cell layers is an artifact
due to the dehydration process. Brighter areas (signifying a higher density of hard material) are seen within the
60/40 sample surface and in contact with bright deposit
on top (arrow). Bar = 9.5 J.tm. Inset: X-ray elemental
map for Ca of the area shown in Figure 5. The high lighted areas within the 60/40 sample, as well as the
deposit on top , contain calcium which is suggestive of a
continuity at the interface (location of arrow in Figure 5
corresponds to location of arrow in inset).
Figure 6. Block-face backscatter image of the 30170 (P)
interface. Matrix with a higher density of hard material
(D) is deposited close to the surface . Bar = 3 J.tm.

Discussion
The bone marrow system reported in this study
has enabled the reproduction of the in-vivo bone-PEO/
PBT copolymer interface structure (van Blitterswijk et
al., 1993). Furthermore, the method allows relatively
rapid discrimination between a range of PEO/PBT materials; a different interfacial behaviour was indicated for
the 60/40 and 30170 specimens. We conclude that this
in-vitro system represents a useful tool for studying
bone-bonding.
The interface between mineralized matrix and the
60/40 substrate is characterized by a continuum, at several levels of resolution and various ways of analysis.
In BSE, an intimate contact between a deposition with a
high content of hard material and similar areas within
the 60/40 surface was observed. Elemental analysis revealed the presence of calcium and phosphorus in both
structures and a continuity at the interface. These findings corroborate in-vivo results on AW-glass (Neo et al.,
1992) and PEO/PBT copolymer (van Blitterswijk et al.,
1993) . The specific morphology of the calcification
within the copolymer was rather similar to that indicated
in earlier implantation experiments (van Blitterswijk et
a/., 1993). The morphology and sequence of mineralized matrix deposition, as described here on PEO/PBT
copolymers, correlated with the deposition on poly-

Figure 3) was displayed: The outer surface, about 20 Jlm
towards the centre, appeared more granular as compared
to the bulk material and globular accretions were deposited immediately adjacent to this granular 60/40 outline .
At a more dorsal level , collagen networks and cells were
seen. An optimal view of the interfacial morphology
was not obtained for 30170 samples employing this method of investigation. A clear fracture line through the
interface could not be introduced.
The block-face images obtained on polished TEM
specimens confirmed the previous findings for the 60/40
ratio (e.g., see BSE image in Figure 5). In BSE image,
relatively brighter areas (signifying a higher density of
hard material) surrounded the 60/40 substrate and were
in contact with spot-like structures within the surface .
X-ray elemental maps of such images indicated not only
the presence of calcium in those areas that emitted more
BSE's, but also a continuum between mineralized matrix
and calcified structures within the 60/40 PEO/PBT proportion (Figure 5, inset). The 30170 block-face images
did not reveal a morphological interfacial continuity;
calcified structures within the substrate surface were not
detected, although mineralized matrix, partially composed of calcium and phosphorus, was deposited adjacent to 30170 specimen (Figure 6).
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Figure 7. Transmission electron micrograph of the
60/40 interface, undecalcified specimen postfixed in osmium-ferro . Focally , electron dense regions (arrows)
are observed at the interface of the mineralized matrix
compartment (m) and the calcification (C) within the
material surface. Crystals of both compartments are
intermingled to form a continuum. Bar = 178 nm.
Figure 8. Detail of the basal portion of a cell. The
mineralization (m) is directly opposed to the 60/40 sample. A high amount of secretory vesicles (V) is shown,
some of which have fused (arrow) with the cell (C)
membrane suggestive of a high rate of exocytosis . Bar
= 259 nm .

p

B
Figure 10. Similar section as shown in Figure 9 of a
decalcified 30170 (P) sample (stained with ruthenium
red, RR) . The dorsal side of the mineralized layer is
marked by an electron-dense bilayer (arrows) , which is
RR-positive. A. Bar = 808 nm. B. Higher magnification of Figure lOA. The thickness of the electron -dense
bilayer is 125 nm. The more basal layer (a) has an
amorphous impression and does contain needle-shaped
crystals. Collagen fibres (c) were observed anchored in
th e basal layer. Bar = 283 nm .

Figure 9. Partially decalcified , osmium-ferro postfixed ,
specimen of the 30170 (P) interface (stained with uranyl
acetate and lead citrate). The material surface is lined
by a layer of mineralized (M) matrix. The white area is
an artifact (A) , due to the sectioning procedure. Bar =
278 nm .
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In contrast, collagen fibres were not observed in the
amorphous layer on 30170 PEO/PBT proportions and
only sparsely in the RR-positive areas. The morphology
of the 30170 closely resembled that seen on plasmasprayed hydroxyapatite, 45% crystalline, in-vitro (de
Bruijn et al., 1992b). An important difference, however, was a third scattered electron-dense RR-positive
line interposed between the hydroxyapatite and the amorphous zone away from the plasma-sprayed coating (de
Bruij n et al., 1992b). The occurrence of this electrondense layer as a morphological indication of bonebonding , suggested a difference in mechanism and composition of the hydroxyapatite and 30170 interface.
The results reported on 60/40 PEO/PBT copolymer underline the usefulness of in -vitro techniques in
attempts to characterize interface compositions of bioactive materials and bone tissue (Davies et al. , 199la,
b). This statement was substantiated in similar experiments on hydroxyapatite and commercially pure titanium
(Davies et al., 1990; Lowenberg et al . , 1991; Sautier et
al ., 1991 ; de Bruijn et al. , 1992a) by demonstrating a
bone/material interface, morphologically resembling the
in-vivo appearance (van Blitterswijk et al. , 1985;
Albrektsson and Sennerby , 1990; Pilliar et al. , 1991).
Furthermore , after implantation of slip-cast hydroxyapatite rods , the bony interface comprised a cement-like extracellular matrix to which collagen fibres were attached
(Orr et al. , 1992 ; de Bruijn et al. , 1994 , submitted) .
The construction of this in-vivo interface was morpholog ically identical to early matrix synthesis in the rat
bone marrow culture system (Davies et al., 1991 b; de
Bruijn et al., 1992a) and a comparison was made with
the cement line found in bone tissue (Davies et al. ,
1991a; de Bruijn et al. , 1994, submitted). This implies
a morphologically similar establishment of the bone/hydroxyapatite interface composition, which may be extrapolated to all bioactive materials including several PEO/
PBT ratios . Also , if in-vitro and in-vivo interfaces are
indeed established along similar mechanisms , this culture method may provide a reproducible and controllable
tool in unravelling a bone-bonding phenomenon.
As far as a comparison between the interfacial behaviour of the 60/40 and 30170 PEO/PBT copolymer
substrates is concerned, a distinct difference was noticeable. A continuum was observed at the calcified
60/40 substrate, a phenomenon which was not found at
the non-calcified 30170 samples. This calcification of
the PEO/PBT copolymer surface was described as the
determining factor for bone-bonding. The 60/40 ratios
do calcify and display bone-bonding behaviour, while
the 30170 samples do not calcify , at least not within the
culture period used herein, and therefore exhibit nonbonding characteristics .

styrene, titanium and hydroxyapatite, characterized by
other authors using this culture system (Davies et al. ,
1990, 1991a, b; Lowenberg et al. , 1991; de Bruijn et
al., 1992a). In SEM/TEM , a contact between mineral ized matrix and calcification within the 60/40 surfaces
was noted and XRMA revealed a continuous calcium signal through the interface . This continuum at the interface is in agreement with the newly formulated definition of bone-bonding , ' the establishment by physicochemical processes of a continuity between implant and
bone matrix' (Williams et al., 1991). The TEM interface composition of undecalcified specimens was comparable to earlier studies on PEO/PBT copolymers invitro (Radder et al., 1993) . The focal electron-density
of the interface between mineral ized matrix and the calcified outer surface of the 60/40 substrate is similar to
the observations made at hydroxyapatite interfaces
(Jarcho, 1981; Ganeles et al., 1984 ; van Blitterswijk et
al. , 1985; Sautier et al. , 1991 , 1992; de Bruijn eta/. ,
1992a). The presence of this electron-dense layer is
often referred to as conclusive proof of bone-bonding ,
although the exact role of this layer is not yet clarified .
The mineralized matrix compartment contained randomly
oriented needle-shaped calcium phosphate crystals ,
which were comparable to bone apatite , with regard to
length and thickness (Weiner and Traub , 1992) . The
larger crystals (40 nm in length) were mainly present
adjacent to the basal membrane of the surrounding cells .
The undecalcified 30170 interface was dominated
by a mineralized layer deposited directly on the material
surface. This was in contrast to observations with a calvarial envelope system , which mimics the mixed subperiosteal environment , where a cellular zone was interposed with mineralization and the material surface
(Radder et al. , 1993). In line with previous in- vitro and
in-vivo studies was the absence of calcification within
this particular PEO/PBT ratio and subsequently no morphological continuum at the interface was observed (van
Blitterswijk et al., 1993) . Decalcified 30170 specimens
gave more morphological and compositional information:
an amorphous zone is laid down immediately adjacent to
the 30170 sample. Above this zone, close to the basal
portion of the overlying cells , an electron-dense bilayer
was evident. This RR-positive bilayer had a thickness of
100 nm. Such a composition has earlier been described,
in similar cultures, on tissue culture polystyrene dishes,
where individual calcified accretions fused to form a
continuous layer (Davies et al., 1991b). At this stage of
matrix formation, an electron-dense layer demarcated
this globular agglomeration and corresponded with the
dark electron-dense periphery around individual globules
and mineralization foci (Davies et al., 199lb). A similar two-layered composition was also reported on commercially pure titanium in-vitro : the more dorsal RRpositive compartment , away from the titanium surface,
was dominated by the presence of densely packed collagen (Davies et al., 1990). Occasionally , collagen fibres
were shown incorporated in an amorphous zone directly
deposited on the titanium substrate (Davies et al., 1990) .
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(P) in Figure 10, represents the 30170 substrate. Especially at higher magnifications, a 'fingerprint' appearance is observed in this layer. This may be caused by
contrasting the ultrathin sections with metals. This
treatment is comparable to a procedure, carried out to
discriminate between hydrophilic (amorphous) and hydrophobic (crystalline) domains in polymers.

C.M. Miiller-Mai: The authors observed collagen in
the SEM images on top of the globules on the implant
surface. The transmission electron micrographs did not
give evidence for collagen production closer to the interface. Did the authors find areas with collagen attaching
to the surface? If observed , how was the relation between the mineralized seam at the interface and the collagen? Did the morphology of the mineralized layer
change? Was a difference observable between the two
materials used?
Authors : In contrast to in-vivo observations, where collagen was occasionally observed on the implant surface ,
we did not see collagen attached to the PEO/PBT copolymer in-vitro . In agreement with the reports of Davies
(1990 , 199lb) and also our SEM results , collagen was
often anchored in the afibrillar mineralized matrix, deposited on the substrate. This morphological characteristic was similar for both PEO/PBT proportions. Differences were observed at the interface of the afibrillar matrix , which was either in continuity with the calcified
60/ 40 surface or in contact with the non-calcified 30170
substrate .

Discussion with Reviewers
Z. Schwartz: The copolymer may change the phenotype
of the cell and this may be the reason why various materials can bond to bone or not. However, in this system ,
it was not clear what kind of cells are growing on the
polymer . Moreover, it is not clear whether the cells are
osteoblasts and they must be evaluated according to well
accepted criteria.
Authors: Maniatopoulos et al. (1988) showed in their
paper that stromal cells can express bone-like tissue with
restoration of the osteoblast phenotype, according to various criteria; morphology, alkaline phosphatase activity ,
type I and III collagen, osteonectin, osteocalcin and
composition (XRMA and X-ray diffraction) and concluded that a reproducible in-vitro system was available.
This was later confirmed by a series of studies (Davies ,
1990; Davies et al., 1990, 1991a, b; de Bruijn et al.,
1992a, b). We adopted this rat marrow system without
modifications and feel therefore that extensive characterization of the cell types is not necessary.
We have no evidence that specific PEO/PBT ratios influence phenotypic expression . Upon implantation
of porous films, osteoinductive activity was not observed
(Okumura et al., 1992).

J .M. Sautier: Have the authors incubated the copolymers in cell-free culture medium for the same period?
This control will assess if calcification observed within
the material is due to absorption and/or precipitation of
calcium and phosphorus ions or arise from a biologicalcell mediated effect.
Authors: Material calcification did occur in the absence
of cells and it was therefore concluded that the calcification process 'as such' is not a biological/cell-mediated
effect. X-ray photoelectron spectroscopy indicated an
absorption of calcium after a rinsing procedure in tap
water (Radder et al., 1990). In addition, we are able to
precalcify PEO/ PBT copolymers by incubation in calcium and phosphorous containing solutions (van
Blitterswijk CA et al. , 1992).

C.M. Miiller-Mai: In Figure 9, the authors show an
electron-dense structure in the lower right corner which
was explained to be part of the implant. In none of the
other transmission electron micrographs is part of the
implant undoubtedly demonstrated. How can the authors
be sure that the mineralization demonstrated in Figure 7
took place within the material surface since no electron
dense material is detectable in this electron micrograph?
How can the authors be sure where exactly the interface
was situated, e.g., in Figure 10, since no part of the
substrate is visible?
Authors: We have three criteria to determine the location of the interface. First, the focal electron-density in
Figure 7, in combination with analysis of the whole
specimen, led us to conclude that the area marked (c)
represents calcification of the 60/40 material. Second,
poor infiltration of embedding medium in the 30170 ratio, resulted in sectioning artifacts . Occasionally, a
small part of material remained attached to the tissue
(Figure 9), in most cases the material was found away
from the interface (Figure 10). Examination of this material proved that tissue was cleanly detached from the
substrate surface. Third, it can be suggested that the
100 nm layer, directly apposed to the white area marked

Z. Schwartz: The difference between the two copolymers is the fact that the copolymer itself calcifies. The
role of such calcification in the bone-bonding process is
not clear . Moreover, there are other materials like titanium which are not calcified, but still bond.
Authors: It is generally understood that all bone-bonding materials strongly interact with the surrounding tissue through the generation of a calcium phosphate surface layer. The reaction kinetics at the interface of
various biomaterials differ considerably, possibly in
specific biological interactions. Recently, it was reported that surface reactions elicit a calcium phosphate
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layer on titanium (Hanawa et al., 1990), alth ubh it is
not fully clarified if this subsequently leads to bonebonding. In the case of PEO/PBT copolymers, direc t
relation between calcification of the material s rface a d
bone-bonding has been established (van Blitterswijk et
al., 1993). Although the underlying mechanism is no t
fully clarified, calcification of PEO/PBT surfaces is
therefore considered important for bone-bondin g .

Authors: We have not attempted to characterize the difftrentiation stage of the cells in this culture system.
However, one can speculate that differentiating osteob_asts which are synthesizing non-collagenous bone prott:ins (Shen et al., 1993) but which have not yet reached
a stage of mature phenotypic expression, are responsible
for laying down calcified accretions. Differentiated
mteoblasts may be involved, at later stages, in collagen
synthesis and mineralization.

A.L. Boskey: The difference between the 'bondi ng' and
the 'non-bonding' materials described here are related to
the presence of mineral directly at the interface in the
absence of a collagenous matrix versus the presence of
a collagenous-proteoglycan rich matrix. From a mechanical point of view, are both of these not less than
ideal? That is, would optimal be analogous to the bone
with an oriented collagen matrix supporting the mineral
matrix?
J .M. Sautier: In physiological conditions, active osteoblasts lay down a dense extracellular matrix mainly composed of collagen, except in the case of cement lines,
where non-collagenous proteins are only synthesized .
Do you think that the mineralized collagen-free interface
observed represents an osteoblast reaction to a foreign
but compatible material or a transient pathological-like
calcifying activity or other?
Authors: First, the mineralized, afibrillar , matrix ,
bears a strong resemblance to the cement matrix , partially composed of non-collagenous proteins (Shen et al. ,
1993), found at reversal lines in bone (Davies et al .,
1991a,b). Second, we have not investigated if these naturally occurring afibrillar matrices, constitute a weak
mechanical link in bone tissue, although such information is available in the literature (Burr et al., 1988).
However, the a fibrillar layer at the 60/40-matrix interface is, morphologically, similar to such layers at the
interface with bone of other bioactive materials. It is
therefore likely that the mechanical strength of the
interfacial bonds will be comparable.

Editor: Please provide more information about the
s bmitted paper "de Bruijn et al. (1994).
Authors: The paper: "de Bruijn JD, van Blitterswijk
CA, Davies JE (1994) Initial bone matrix formation at
tl.e hydroxyapatite interface in vivo" has been submitted
tc Journal of Biomedical Materials Research. We shall
be pleased to provide a copy to any one requesting it.
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